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Introduction
Monitoring-based condition assessment of bridge structures. Concrete elements are extensively utilized in bridge construction due to their very favorable cost / performance ratio: on the basis of information found in the literature (see for instance [1] ), it can be conservatively estimated that more than the 70% of the European bridge stock consists of Reinforced Concrete (RC) and Precast Reinforced Concrete (PRC) bridges, while another 6% comprises steel-concrete composite structures. RC is typically affected by aging, thus its design performance is subject to degradation. The ability to evaluate the actual condition of deteriorating concrete structures is a key aspect of modern bridge management. Today, the appraisal of the condition of a bridge is almost exclusively based on visual inspection. The main reason for this is economic: an inspection program costs only a few thousand euro per bridge per year, while the installation of a suitable permanent monitoring system could be in the hundreds of thousands of euro. Nevertheless, there are facts suggesting that the future trend of condition assessment will be monitoring-based. First, bridge management philosophy is rapidly moving from a condition-based approach towards a reliability-based approach, and visual inspections usually provide information which is insufficiently detailed for a formal bridge safety assessment: but monitoring-based condition assessment can overcome this limitation. Second, sensors and communication technologies are ever more affordable, reliable and smallscaled [2] : the possibility of embedding sensors directly in a structure provides unexplored opportunities in the design of new bridges.
Towards a construction technology based on smart elements. With this vision in mind, a research effort has been launched, at the University of Trento, to develop a cost-effective construction system based on smart prefabricated concrete elements for life-long real-time condition monitoring of bridges. The idea is to produce precast RC elements embedding a low-cost highdurability sensing system: sensors are expected to be produced in the form of standardized packages, conceived as an integral part of the prefabricated element. Depending on the type of instrument utilized, a smart element will be potentially capable of self-detecting point to point physical quantities such as: strain and stress distribution; vibration response; cracking location and extension; temperature; moisture; pH; chloride concentration. An open, non-proprietary Internetbased Bridge Management Network will be able to interpret these quantities in terms of condition state and reliability, and will make these available to the users (manufacturers, builders, operators…). As sensors are activated, all those involved in the production/management process can, at any time and from anywhere, connect via Internet and check directly the actual condition of the element, during production, transportation, construction and operation.
Prototypes description
To date, two identical reduced-scale prototypes of a smart element have been produced, each consisting of a 0.2×0.3×5.6m RC beam specifically designed for permanent instrumentation with 8 long-gauge Fiber Optics Sensors (FOSs) at the lower edge. Element dimensions and reinforcement details are shown in Fig. 1a . The sensors are arranged in a 30×50mm cavity, and anchored to the structure by steel supports. These anchorages consist of small drilled steel plates, welded to the stirrup reinforcement before casting the concrete ( Figs. 1b and 1c ). The scope of the instrumentation is to identify changes in the dynamic response of the RC beam for different damage levels using the direct modal strain measurement. Damage detection strategy is based on the employment of strainmode-shape-based vibration techniques [3, 4] . Fiber Optics have been identified as the most suitable sensing technology, basically due to the supposed high durability that makes them preferable over electrical gauges to be permanently embedded in concrete structures. Although FOSs find today widespread use in long-term monitoring of civil structures, their employment is mostly restricted to static measurements. Indeed, the smart element requires a multichannel sensing system capable of measuring finite displacements with a sample frequency of 500Hz per channel at least. At the time the research started in 2003, most of the commercial Interrogation Units allowed either multiplexed but low-frequency measurement (with a scan rate typically lower than 50Hz) or high-frequency but single-channel measurements (although it should be noted that more recently Smartec SA [5] has begun to offer a SOFO-based multi-channel dynamic acquisition system). Therefore, we decided to develop an improved multiplex-based system with the required specification using off-the-shelf components.
Optical components are all provided by AOS GmbH, and include a sensing module, an optical switch and a calibrator, as schematically depicted in Fig. 2a . The system is capable of interrogating and acquiring strain data from Fiber Bragg Grating (FBG) sensors at a sampling rate of 625Hz per
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Damage Assessment of Structures VI channel. Details of the system developed are reported in [6] , while information on the FBG technology can be found in many textbooks, such as [7] . A long-gauge sensor model has been specifically developed in order to use FBG in direct elongation measurements. The sensor basically consists of a 600mm-long protected fiber including a grating, fixed at the edges inside two segments of threaded bar, and provided on one side with an optical connection (Fig. 2b ). The sensor looks like a flexible wire that can be easily handled and bolted to the structure. When the sensor is pre-tensioned, the elongation measure is linearly related to the strain measured at the FBG. In the same way, the precision of the FOS ε is directly related to the nominal resolution of the Bragg grating, which is of the order of 1µε. The dynamic performance of the FOS has been tested by comparing the response of the fiber with that of mechanical gauges and accelerometers: details on the calibration protocol can also be found in [6] .
Laboratory validation
The effectiveness of smart-beam technology is undergoing validation in the laboratory. Currently, the results of the test on the first prototype (specimen A) are available and are presented in the following report.
Test protocol. The test protocol included three static load tests in which increasing damage is produced in the beam by means of a hydraulic actuator. The maximum load levels applied during each test are associated with the opening of the first crack in the concrete (A1), the design serviceability load (A2), and the first yielding of the reinforcing steel (A3) respectively, as summarized in the second column of Table 1 . The specimen was characterized in the undamaged state A0, and at each level of damage A1 A2 A3. During the dynamic test the beam was freely supported on springs and is instrumented with 19 additional accelerometers arranged vertically at pitch 0.3m, in addition to the 8 FOSs ( Fig. 3 ). Testing techniques include stepped-sine tests, using an electromagnetic shaker as the excitation source. In order to detect and characterize the nonlinear behavior of the beam, three sweeps were repeated, at each damage condition, adopting different force amplitude levels, approximately equal to 10 N (level L), 80 N (level M), and 150 N (level H). Dynamic response. The steady-state response of the specimen can be represented in terms of first order Frequency Response Functions (FRFs), defined as the spectral ratio of response to the force at the excitation frequency. Fig. 4a shows a sample of the FRFs obtained by the accelerometers, at force level M. We can in the same way achieve strain-FRFs based on FOSs' response, obtaining curves of the type shown in Fig. 4b . As expected, both of the diagrams show losses in frequency associated to damage increase. A qualitative comparison of Figs. 4a and 4b might lead the reader to the wrong impression that the FRFs obtained through the accelerometers are more accurate than those of the FOSs. However, one should keep in mind that damage location methods are based on changes in the strain mode shapes. FOS measurements are already expressed in terms of strain, and therefore they can be directly employed in the damage detection process. Conversely, heavier numerical computations need to be performed in order to estimate the strain distribution starting from the bare accelerometer data. A comparison of the FRFs obtained at different excitation levels (see for example Fig. 5a ) reveals little shifts in the resonant peaks, and this is an obvious symptom of nonlinearity of the system.
Approximate modal extraction. The smart-beam system uses self-diagnosis techniques based on the changes in the modal parameters. However, for a nonlinear system, it is understood that a modal extraction cannot be performed in a strict sense, and the meaning of modal parameters has to be somehow redefined. We can observe that the lower the response amplitude, the closer the system behavior to linearity. Therefore, the idea is to define as modal parameters of the system those frequencies ω k , damping rates ξ k and mode shapes k φ φ φ φ that approximate the response of the system when the excitation amplitude is close to zero. The problem is now how to derive these parameters from the experimental FRF curves. A simple but reasonably acceptable assumption is that the response q k in a given mode approximates to that of a nonlinear SDOF system, governed by an equation of motion of the type
where R k is a nonlinear displacement-dependent elastic restoring force and f k = k φ φ φ φ F, with F the vector of the exciting force in the physical coordinates. The model indirectly assumes that the damping and the vibration mode are amplitude independent. We propose to approximate the behavior of the beam using an expression for the restoring force of the type
where β k is labelled softening coefficient and n is an exponent that define the class of the model. It can be recognized that this formulation generalizes the classical cubic stiffness model, which can be The next step is to find a theoretical formulation for the first order FRF α: the method of harmonic balance, as reported in many textbooks (e.g. [8] ), provides the approximate formulation
where ω k,eq (q k0 ) is the effective k-th angular frequency for the given response amplitude q k0 . The effective frequency is related to the linear frequency ω k through The expression of the first order FRF in the physical coordinates x, about the k-th resonance peak, can be written formally as:
where k φ i is the i-th component of mode k, and S k represents an amplitude dependent residual term accounting for the contribution of the other modes, including all nonlinear effects. If frequencies are well separated, as in the present case, the harmonic response at a resonance peak is dominated by the corresponding mode; hence, the value of S k is small and can be approximated with negligible error using one of the following expressions: 
In summary, for each damage condition, the values of ω k , ξ k k φ φ φ φ and β k can be extracted by simultaneously fitting the three FRFs, obtained at different excitation levels, using the theoretical expression of the first order FRFs given by Eqs. 4 and 5. It is worth noting that the resulting expression of α is only apparently analogue to the linear expression; indeed, its validity is restricted to those values of ω in which the response is clearly dominated by a single mode, and can be at least extended to those points where the response amplitude is small enough to be considered linear. Conversely, in the case of coupled frequencies, the assumption underlying Eq. 1 is not fulfilled, and the proposed model does not apply. Results. After a preliminary analysis, it was observed that a satisfactory fitting of the experimental curve is obtained, at each excitation level, using a model with exponent n=1/2. Table 1 shows the outcomes of the extraction, restricted to the first three vertical bending modes. The modal frequencies f k decrease during the damage process, as expected, while damping increases. Prima facie, no apparent change in the mode shape obtained by accelerometers data during damage is observed. As far as bending shapes are concerned, strain can be associated with curvature. Approximate curvatures can be calculated from the displacements using a central finite difference scheme and data from three adjacent instruments [3] . Unfortunately, when the distance between the accelerometers is low, this approach is likely to yield inconsistent results due to the propagation of measurement errors and noise that the double derivation causes. These errors can be reduced either by smoothing over the curvature data, or by using an alternative scheme for fitting the displacement data. In any case this results in a loss in spatial resolution. Fig. 6a shows the evolution of the first curvature-mode shape obtained through a 5-point least-square parabolic fitting scheme. In this case the curvature is calculated at each accelerometer position and with a nominal grid pitch of 0.3m. However the actual spatial resolution of the strain measurement is related to the interval l=1.2m comprising 5 adjacent instruments. Alternatively, the curvature mode shape can be evaluated on the basis of the strain mode shapes extracted from the FOS strain-FRFs. In this case, a conventional curvature is directly calculated for each section, considered as the ratio between the strain measured at the calibrated sensor and the distance h y =144mm between the fiber and the neutral axis of the beam. The first curvature mode shape resulting from FOS data is represented in Fig. 6b , in this case each point of the diagram results from a single instrument measurement, and the spatial resolution actually corresponds to the length l=0.6 m of the sensor. The analysis of β shows how there are also changes in the degree of nonlinearity with damage; however the correlation between damage and nonlinearity is not so close as we might expect. Increases in β are associated with the first two damage steps, while the third step shows a reduction in nonlinearity. In other words, it appears that nonlinearity is a good marker for the detection of low levels of cracking, but it is unsuitable for revealing more severe damage conditions. 
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This result is consistent with observations in experiments reported previously [9] . Moreover, a significant nonlinearity is evident even in the undamaged condition A0. This finding shows that it is not generally true that nonlinearity detection allows identification of damage without the knowledge of a baseline dataset.
Damage detection and location
For the reasons mentioned, non-linearity was not considered in the damage detection procedure. Indeed, the location and the extent of damage are evaluated in the beam in each condition state through the calculation of damage indices, which take account of the changes in frequency and curvature-mode shapes. The details of the method can be found in [4] . More specifically, the indices δ i associated to the i-th section of the specimen are defined as:
for accelerometer-and FOS-based data, respectively. In detail, k φ" i indicates the value of the k-th modal curvature shape obtained by accelerometer-based data, ω k the angular frequency, k ε i the modal strain obtained by FOSs-based data, while ∆ indicates the difference with respect to the undamaged state. Fig. 7 shows how the index varies along the specimen and during the damage process according to each type of data. The comparison shows both good agreement between the two sets of data and the effectiveness of the self-diagnosis concept. 
Summary
The laboratory validation of the effectiveness of a construction system based on RC smart element has been presented. The experiment aimed at detecting the extent and location of damage in a prototype beam element with an embedded FOS system, using vibration-based damage detection methods. The results demonstrate that a dynamic FO-based technology is feasible and technically effective when compared to the classic acceleration-based approach. In fact, vibration acquisitions carried out using accelerometers guarantee good results in a wide frequency range, allowing identification of a large number of mode shapes in terms of acceleration. However, vibration damage detection techniques are mostly based on strain measurements and make use of few lowfrequency modes. This justifies addressing the technological development of a system capable of direct strain measurements in dynamics. In addition to this, FOSs exhibit features such as durability and stability that ensure they are better suited than electrical gauges to long-term monitoring of civil structures. The experiment also showed changes in the degree of nonlinearity of the RC element with damage. However, while it appears that the nonlinear feature can serve at least to detect low levels of cracking, it is unsuitable for revealing more severe damage conditions; for this reason it was not considered in the damage detection process.
